INTRODUCTION
All forms of ionizing radiation trigger immediate biochemical events in living cells via photoelectric, Compton and Auger effects (1) . Because tissues and cells are composed of ,80% water, much of the radiation damage from exposure to low-linear energy transfer radiation (X rays, c rays and fast electrons) is due to radiolysis of water leading to the generation of reactive oxygen species (ROS) and reactive nitrogen species (RNS). These radical species damage cellular components and can cause irreversible genetic defects leading to carcinogenesis, necrosis or apoptosis (2) (3) (4) .
Apoptosis was defined by Kerr in 1972 (2) as having distinct morphological and biochemical attributes. Morphological changes include nuclear condensation, DNA cleavage into internucleosomal fragments, and the condensation of the DNA into apoptotic bodies without loss of plasma membrane integrity. Biochemical events include the expression of initiator (caspase 8, 9) and executioner (caspase 3, 7) caspases, cytochrome c release from mitochondria, appearance of phosphatidylserine on the external plasma membrane, and poly (ADPribose) polymerase (PARP) cleavage. In vivo, condensed apoptotic nuclei are recognized and apoptotic cells are removed by phagocytes, with minimal inflammation (4) (5) (6) . In contrast, necrosis is initiated by cellular catastrophe after a toxic insult or irreversible physical damage to the cell. Morphological indications of necrosis are the appearance of cytoplasmic vacuoles and cellular leakage with a resulting inflammatory reaction in the vicinity of the dying cell. Cells that die from necrosis can exhibit hypertrophy and changes in nuclear morphology but not the organized chromatin condensation and DNA fragmentation characteristic of apoptosis (4, 5) .
Agents that scavenge ROS, such as superoxide dismutase (SOD), glutathione peroxidase, catalase and some growth factors (e.g. fibroblast growth factor), can reduce or eliminate radiation-induced apoptosis and necrosis when administered prior to irradiation (7) (8) (9) (10) (11) or within 8 min after radiation exposure (12) . If radioprotective agents selectively interfere with normal tissue damage while preserving malignant cell killing, these agents can increase effectiveness and dose tolerance in patients receiving radiation therapy.
The problems with most available radioprotectors and ROS scavengers are their toxicity, short half-life and low bioavailability. A family of small SOD/catalase mimetics [Eukarion (EUK) compounds], first described in 1993 (13) , have been studied extensively with respect to their chemistry, their catalytic and cytoprotective properties, and their ability to protect normal tissue in vivo in models of diseases with an oxidative stress component. The injectable EUK compounds, the salen manganese (Mn) complexes, are synthetic low-molecular-weight compounds that catalytically mimic SOD, catalase and peroxidase, and they can neutralize ROS superoxide and hydrogen peroxide (14) . These compounds also neutralize, via peroxidase-like mechanisms, reactive nitrogen species (RNS), including peroxynitrite (15) . EUK compounds have demonstrated efficacy when given by injection or infusion in an oxidative stress injury rat stroke model (16) , a rat seizure-induced hippocampal injury model (17) , a mouse amyotrophic lateral sclerosis (ALS) model (18) , a mouse Parkinson's disease model (19, 20) , a neurodegenerative mouse model in mice lacking mitochondrial SOD (SOD2 2/2 ) (21), and a mouse model of human prion disease (22) . These compounds also protected peripheral organs, including the lung (23), liver (24) and kidney (25) , from ischemiareperfusion, toxemia and other forms of oxidative stress. Recent studies demonstrated the efficacy of the injectable salen Mn complexes as radioprotectors when given within minutes of irradiation and every day thereafter in a hamster model of radiation-induced mucositis (Dr. Steven Sonis, personal communication). Another class of Mn-based SOD mimetics has shown radioprotection in another model of radiation-induced mucositis (26) . A SOD mimetic, AEOL10113, given 15 min prior to 28 Gy and for 5 days after irradiation, reduced breathing frequency and fibrosis in rats in a shielded hemithoracic model of lung injury (27) .
Fewer agents have been tested for their efficacy when administered postirradiation as mitigating agents, largely due to the dogma that events after radiation exposure were largely inconsequential to damage exhibited in tissues and cells. There is some evidence, however, that ROS and RNS do play a role in late radiation effects that manifest hours to days or even years after radiation exposure (28, 29) ; this could represent an additional opportunity to interfere with radiation-induced damage. A mitigating agent that spares cells or increases survival when administered an hour to days after the radiation exposure (12) could be an important countermeasure after nuclear plant accidents or radiological attacks.
Recent studies conducted in vitro and in vivo have demonstrated that several agents can increase survival of cells or animals when administered after exposure to lethal doses of radiation (30) (31) (32) . For example, lethally irradiated embryonic cells treated up to 1 h postirradiation with a nitroxide, hemigramicidin-TEMPO, had significantly improved clonogenic survival (30) . A fungus, Hirsutella sinensis (CorImmune), administered 2 h after lethal total-body irradiation (TBI) of BALB/c mice resulted in survival of more than half the mice, whereas all of the vehicle-treated mice died (31) . After treatment of mice with 35 Gy, a subcutaneous injection of an adenovirus vector overexpressing manganese SOD significantly mitigated both acute and chronic radiationinduced skin damage (32) . Another class of Mn-based SOD mimetic reduced micronucleus formation when given by intraperiteneal injection hours after irradiation in a rat model of lung pneumonitis but did not improve survival of rats (33) . These and other such agents either have not been characterized or would be difficult to administer in a non-hospital setting, but these studies do provide proof of principle that postirradiation biochemical events are important to lethality and that opportunities exist to mitigate the effects of radiation exposures. In another study, an Mn porphyrin SOD mimic was administered subcutaneously 2 h after 28 Gy shielded hemithoracic irradiation in a rat lung model. The drug, which was given every day for 14 days, delayed fibrosis and improved breathing frequency (34) . In contrast, the SOD mimetic AEOL10150 produced no benefit when administered 1 day before and for 1 week after hemithorax-shielded irradiation of the rat lung (28 Gy). However, rats that received the same SOD mimetic 1 day postirradiation and for 10 weeks after irradiation had significantly reduced fibrosis of the lungs and improved breathing function compared to either the irradiated or the radioprotected animals (35) .
Other agents that are in clinical use for other applications and have a standard of practice for administration have been shown to have activity as mitigating agents. Prevastatin reduced intestinal complications in rats after radiation exposure (36) , and captopril administered after TBI in rats reduced the severity of radiation-induced glomerulonephritis in a bone marrow transplantation model (37) . It is not known how these drugs mitigate the damaging effects of radiation or how these drugs will affect the multiorgan responses of mammals to radiation exposures.
In the present study we examined the use of EUK compounds as mitigating agents to prevent radiationinduced apoptosis of endothelial cells, using doses that could be achieved in serum after either oral (EUK-400 compounds) or subcutaneous (both classes of compounds) administration.
MATERIALS AND METHODS

Reagents and Biochemicals
Fetal calf serum (FCS) was obtained from JRH Biosciences (Lenexa, KS). Glutamine and penicillin/streptomycin were from Irvine Scientific (Santa Ana, CA). Fungisone was purchased from Fisher Scientific (Pittsburgh, PA). The LDH assay kit and other chemicals were obtained from Sigma Chemicals (St. Louis, MO). Salen Mn EUK-189 and EUK-207 compounds were custom synthesized by Dalton Chemical Laboratories (Toronto), and EUK-400 series compounds were custom synthesized by Frontier Scientific (Logan, UT).
SOD MIMETICS MITIGATE RADIATION-INDUCED CELL DAMAGE
Cell Culture
Capillary endothelial cells were provided by Ms. Catherine Butterfield and the late Dr. Judah Folkman at Children's Hospital, Boston, or were purchased from BioWittaker/Clonetics. These cells exhibit characteristics of normal nontransformed endothelial cells, including the ability to take up acetylated LDL (DiL-AcLDL) using the method of Voyta (38) , von Willebrand-related antigen positivity after staining when using ab6994 from AbCAM, have a finite life span, and have the ability to form a cobblestone pattern at confluence. Stock cultures of endothelial cells obtained from Children's Hospital were maintained in DMEM (Sigma, D6046) supplemented with 10% FCS (JRH Biosciences) and 3 ng/ml human recombinant bFGF (Sigma) as described previously (39, 40) . Human lung microvascular endothelial cells from Clonetics were maintained according to the vendor's instructions in EGM2MV with growth factor supplementation and 5% FCS. These cells tested positive for PECAM and negative for smooth muscle actin by the manufacturer. The cell lines exhibited identical kinetics and amount of apoptosis in response to 2-20 Gy ionizing radiation.
Radiation Treatments
For radiation experiments, endothelial cells were treated as reported previously (9, (39) (40) (41) . Briefly, endothelial cells were plated into eightchamber Labtek slides at 25,000 cells/well and allowed to attach for 18-24 h; then the medium was replaced with medium containing 10% FCS without growth factors. Endothelial cells were grown for 2 days and then either sham-exposed or X-irradiated with 2-50 Gy. At least 30 min and up to 1.5 h after radiation exposure, endothelial cells were treated with vehicle or with salen manganese (EUK-189, EUK-207) or porphyrin (EUK-418, -423, -425, -450, -451, -452, -453) EUK compounds. Six hours later, the time at which the first maximal peak of apoptosis occurs in response to radiation in these cells, endothelial cells were fixed, stained and analyzed as described previously (9, 40).
X-Ray Dosimetry
Dosimetry was performed prior to every experiment as described previously (9, 39, 40) using a calibrated Victoreen model 660-1 exposure meter with a model 660-4A probe (Inovision Radiation Measurements, Cleveland, OH) and Gemini 320 kV X-ray Generator (Picker Industrial Corp., Cleveland, OH). Because the Gemini 320 kV X-ray Generator (Picker Industrial Corp. Cleveland, OH, 250 kV potential and 12 mA current) produced exposure rates that exceeded the upper limit of the 660-1 meter, exposure rates were estimated by extrapolation of exposure rates measured at lower currents that were corrected for air pressure and temperature and converted to an absorbed dose rate using the conversion factor 9.196 3 10
23 Gy/R. The absorbed dose rate was approximately 1.2 Gy/min.
Quantification of Apoptosis using Nuclear Morphology
Cells were fixed by adding methanol to the medium (in a 1:1 volumetric equivalent). After 5 min incubation at room temperature, the medium/methanol was removed and replaced with 100% methanol. Slides with fixed cells were stored at 4uC without removing the methanol until staining with 4,6,diamidino-2-phenylindole dihydrochloride (DAPI). All subsequent staining procedures were performed in the dark. DAPI solution was prepared in methanol to a final concentration of 0.1 mg/ml. Fixed cells were washed once with DAPI solution, then incubated in DAPI solution at 37uC for 30 min. After staining, the solution was aspirated and the chambers air-dried for 5 min; then the Labtek slides were covered with cover slips using a solution of glycerol:PBS (2:1). DNA was visualized using a Nikon epifluorescence microscope equipped with a Nikon digital camera and a computer with image analysis capability. In microscope studies performed on coded slides in a blinded study, no fewer than five random fields per Labtek well were counted, scoring total nuclei (total cell number/set field area) and apoptotic and mitotic nuclei/cell number. A cell was considered to be apoptotic if at least three distinct clusters of fragmented DNA of different sizes were observed. For each condition, no less than 500 cells were counted in triplicate or quadruplicate chambers. Apoptosis was expressed as the percentage of the total cell number. The number of fields required per well to count 500 cells was also recorded.
Quantification of Apoptosis using Caspase Assays
The activities of executioner/effector caspases 3 and 7 were determined using luminescent Caspase-Glo 3/7 assays (Promega, Madison, WI) and measuring luminescence on a Synergy HT MultiDetection Microplate Reader (Bio-Tek Instruments, Inc., Winooski, VT). For caspase assays, the endothelial cells were plated in full medium into 96-well plates at a seeding density of 25,000 cells/well. The cells were allowed to attach for 18-24 h; then fresh medium containing 10% FCS without growth factors was added to each well. Endothelial cells were grown for 2 days and then sham-exposed or irradiated. One hour after irradiation, the cells were treated with vehicle alone or various doses of EUK compounds. In a pilot study, plates were processed for caspase 3/7 determination 2, 3, 4 and 5 h after 10 Gy irradiation using different incubation times (1-3 h) and various luminescence sensitivities (25, 100, 150 and 175 wavelength units). We determined that caspase 3/7 detection was optimal 4 h postirradiation using a 1-h incubation time and measuring the luminescence sensitivity at 175 wavelength units.
Measurement of Necrosis using Lactate Dehydrogenase Quantitative Assays
Death of cells by necrosis was assessed by the release and detection of lactate dehydrogenase (LDH) into the medium after irradiation. LDH was measured using In Vitro Toxicology Assay Kit Lactate Dehydrogenase Based from Sigma. For LDH comparisons, medium from Labtek wells (130 ml) was taken 6 h after X irradiation. The samples were analyzed in triplicate for each experimental condition and compared to medium from sham-treated cultures (basal or control lysis) and cells were incubated in lysis buffer to lyse 100% of the cells. 
Treatment of Endothelial Cells with EUK Compounds
Within 1-2 h after exposure to X rays or sham treatment, endothelial cells received fresh medium with or without EUK compounds at concentrations ranging from 1 to 100 mM.
Statistical Analysis
All experiments were repeated at least three times under the same conditions, and the data were pooled. Statistical analyses were carried out using Student's t test. A P value of less than 0.05 was accepted as statistically significant.
RESULTS
Chemical Properties and Structures of the EUK SOD Mimetics
We and others have shown that capillary endothelial cells respond to X-ray exposures by undergoing apo-
ptosis with maximal peaks at 6-8 and 18-22 h postirradiation in vitro (6-45% of cells undergo apoptosis depending on the dose of radiation and cell growth conditions) (9, 11, 40) and, in many tissues, including the lungs and kidneys, in vivo (42-47). The endothelium is thought to be the focal point of critical cellular damage in the body after radiation exposure and thus is an excellent model to use to screen and identify radioprotectors and mitigating agents.
In the present study we evaluated the mitigating properties of two groups of novel EUK compounds: the salen Mn complexes EUK-189 and EUK-207 (Fig. 1A) and the Mn porphyrins, EUK-400 series compounds (Fig. 1B) . These compounds have been well characterized chemically and have been shown to have SOD, catalase and peroxidase activities as well as cytoprotective activity in various other models for oxidative stress (48) (49) (50) . These small synthetic SOD mimetics have several advantages over the native enzymes both for use in experimental systems and for rapid translation to clinical studies. They are likely to be poor immunogens, lacking species-specific domains, and they are readily absorbed into cells because they are lipophilic to varying degrees. We selected them for testing due to their catalytic activities and their stability in biological fluids (13, 14, (48) (49) (50) . The original salen Mn complexes EUK-8, and EUK-134 and ELK-189, have cytoprotective activity in vitro and in vivo in a variety of experimental models (13, 20, 21, 33, 51) . EUK-207 is one of the newer cyclized analogs, designed for greater stability, and also has demonstrated efficacy in vivo (52) and in culture systems (53) . The EUK-400 series compounds have been synthesized more recently (48-50); they were developed as orally bioavailable agents with desirable features of the higher-molecular-weight Mn porphyrins with ROS and RNS scavenging and cytoprotective properties (54, 55) .
Radiation-Induced Apoptosis of Capillary Endothelial Cells
We first determined the level of endothelial cell apoptosis at 6 h in response to X-ray doses ranging from 2 to 50 Gy using low-passage capillary endothelial (Fig. 2) . A dose of 2 Gy caused a significant increase over basal apoptosis (0 Gy), and a dose response was apparent through a dose of 50 Gy.
Screen for Toxicity and Effectiveness to Mitigate Radiation-Induced Apoptosis
The objective of the screen shown in Fig. 3 was to select lead compounds with the highest efficacy as mitigating agents and with the lowest intrinsic toxicity. We measured apoptosis in unirradiated cultures over a range of doses (Fig. 3) . EUK-189 and EUK-207 did not increase apoptosis above baseline at doses up to and including 30 mM. EUK-451, -418 and -423 did not increase apoptosis above baseline at doses of 10 mM and lower but did increase apoptosis at doses of 30 mM and higher. EUK-425, -450, -453 and -452 produced a statistically significant increases in apoptosis of endothelial cells at doses of 10 mM and higher and were eliminated as candidates for use as mitigating agents.
We also examined the ability of these compounds to mitigate the effects of ionizing radiation (Fig. 3) by measuring the apoptosis index of irradiated cultures for cells with or without EUK compounds added 1 h after X irradiation with 20 Gy. EUK-207 and -451 significantly reduced radiation-induced apoptosis, even when used at the lowest dose of 1 mM. EUK-425 and EUK-418 also reduced apoptosis at a dose of 3 mM, but during the course of these studies we noticed that the field number required to count 500 cells in each well had increased in both the irradiated and the sham cultures. Cell loss from the surface of the dishes during the first hour of incubation, when the drug is present, appeared to be indicative of necrosis in these endothelial cell cultures. To confirm this, we repeated the nonirradiated cell studies with a wider range of concentrations (1 to 100 mM) to determine the toxicity that resulted from necrosis instead of apoptosis using the LDH cytotoxicity assay (Fig. 4) .
Drug Toxicity Leading to Necrosis Detected by Release of LDH
Several EUK compounds caused a statistically significant increase in LDH release from cells treated with 30 mM or more compared to that in the absence of the
FIG. 2.
Apoptosis of endothelial cells after X irradiation. Cells (passages 5-8) were sham-treated (0 Gy) or exposed to various doses of X rays; 6 h later, the number of cells undergoing apoptosis was determined. Differences between sham-treated and irradiated cells were compared using Student's t test (**P , 0.001). Shown are pooled data from treatments performed in duplicate per experiment in three separate experiments. Error bars are SE. 752 drug (Fig. 4) . Of the EUK compounds that can be administered intravenously, neither EUK-189 or EUK-207 was toxic, and EUK-207 had lower than basal levels of LDH release at doses of 100 mM. Of the EUK compounds designed for oral administration, the 400 series compounds, EUK-451 showed no increase in LDH release until a dose of 100 mM was used.
Based on these and the previous results, we selected EUK-207 as the lead injectable EUK compound and EUK-451 as the lead orally available EUK compound. In the large screening experiments shown in Fig. 3 , the endothelial cells exhibited a modest radioresistance at high passage numbers. Thus, in all subsequent studies, low-passages endothelial cells (passages 5-8) were used to maintain robust radiation-induced apoptosis.
Mitigation of Low-and High-Dose Radiation-Induced Apoptosis by EUK-451 and EUK-207 Measured by Detection of Apoptotic Nuclear Morphology
Using doses of EUK-207 and EUK-451 that were well tolerated by endothelial cells, we tested their ability to mitigate radiation-induced apoptosis. Low-passage endothelial cells exhibited a significantly increased the rate of apoptosis, detected using nuclear morphology, that increased with dose after exposure to 2-10 Gy (Fig. 5A) . However, when EUK-451 (10 mM) or EUK-207 (30 mM) was added to the endothelial cells 1 h after irradiation, the radiation-induced apoptosis was eliminated after 2 Gy and reduced by approximately half after 5 or 10 Gy (Fig. 5A) . There was no change in field number in any of these studies, and LDH release above the levels in sham cultures was not detected (data not shown). These results demonstrate that necrosis is not occurring in cultures of endothelial cells exposed to 2-10 Gy or to the doses of EUK compounds used here.
Mitigation of Low-and High-Dose Radiation-Induced Caspase Production by EUK-451 and EUK-207 Measured by Detection of Caspase
Media and cell lysates from sham-treated and irradiated endothelial cells with and without EUK compounds administered 1 h after irradiation were collected and quantified using a chemiluminescence assay to measure caspase 3/7 production (Fig. 5B) . Caspase 3 and 7 are both downstream effector caspases that act on protein substrates at the irreversible stage of apoptosis and are thus definitive indicators of apoptosis in the culture. We found a statistically significant SOD MIMETICS MITIGATE RADIATION-INDUCED CELL DAMAGE increase in caspase 3/7 production that occurred in a dose-response fashion after exposure of endothelial cells to 2, 5, 10 and 20 Gy ionizing radiation. However, when EUK-451 (10 mM) or EUK-207 (30 mM) was added 1 h after irradiation, this radiation-induced production of caspase was reduced by half after doses of 2 and 5 Gy and was reduced to one-third after doses of 10 or 20 Gy (Fig. 5B ). These results demonstrate the potent mitigating activity of EUK-451 and EUK-207 in preventing apoptosis of endothelial cells after irradiation.
DISCUSSION
Our previous studies showed that capillary endothelial cells react to ionizing radiation and menadione redox cycling-induced oxidative stress by undergoing apoptosis, with peaks of apoptotic bodies at 6-8 h and 18-22 h after oxidative stress treatments (9, 35, 36) . The present study demonstrated that after irradiation with 2-50 Gy, endothelial cells exhibited a statistically significant dosedependent increase in apoptosis at 6 h from 6% (2 Gy) to 28% (50 Gy). These results were confirmed by quantification of caspase 3/7 in parallel. Caspase 3/7 increased in a statistically significant dose-dependent manner after irradiation, with the peak activity occurring 4 h after irradiation. The kinetics of the caspase 3/7 rise preceded detectable internucleosomal DNA fragmentation because changes in nuclear morphology require cleavage of poly(ADP-ribose) polymerase (PARP) and DNA fragmentation, which are downstream events of caspase 3/7 effector functions (56) .
It is well established that apoptosis after irradiation is due in part to the immediate production of reactive oxygen and nitrogen species (ROS/RNS) in irradiated cells and tissues (56) . ROS/ RNS generation occurs within seconds of starting irradiation and persists for 2-5 min postirradiation (58) . Thus early radiation responses such as immediate DNA damage occur during and within minutes after radiation exposure. DNA doublestrand breaks have long been thought to be the most important form of cellular damage, with about 40 double-strand breaks per 1 Gy occurring in a cell during irradiation (59) . What is more controversial is whether additional oxidative stress occurs after irradiation via secondary biochemical events that occur hours to days after irradiation and to what extent these ROS/RNSgenerating reactions contribute to early and late forms of radiation damage to cells and to tissues.
One form of late radiation effects in vivo is the sterilization of cells that do not immediately die by   FIG. 4 . Quantification of LDH released from endothelial cells (passages 5-8) treated with various doses of EUK compounds: 1 mM (yellow), 3 mM (green), 10 mM (light blue), 30 mM (purple), 50 mM (pink) and 100 mM (dark blue). Differences were compared between groups without drug (orange bars) compared to drug treatment using Student's t tests (*P , 0.05; **P , 0.001). Error bars are SE. apoptosis, which leaves these cells unable to repopulate during subsequent normal tissue turnover. This has been shown to occur in endothelium. Rats that received radiation to the brain showed a steady decline in the number of endothelial cells over a 65-week period unrelated to the initial apoptosis (60) . The latent losses of endothelial cells via apoptosis correlated with normal endothelial cell repopulation in brains of nonirradiated rats and with dementia in irradiated rats.
There is also a class of late effects termed radiationinduced cellular dysfunction (or residual dysfunction) (60) . Residual dysfunction refers to a dormant form of injury in irradiated cells that is unrelated to the cell's inability to proliferate in which the cell appears morphologically normal but harbors a residual functional defect. A well-documented form of residual dysfunction after radiation exposure is the inability of the irradiated endothelium to regulate thrombogenic processes. Irradiated endothelial cells in many key doselimiting tissues exhibit altered production of molecules involved in inflammation and coagulation months to years after radiation therapy (e.g. platelet activating factor, thrombomodulin, and von Willebrand factor) (61, 62) . Whereas the underlying cause of acute gastrointestinal radiation syndrome is thought to be due to the immediate loss of endothelial cells via apoptosis, chronic radiation enteropathy is thought to be due to a completely different form of radiationinduced dysfunction when chronic changes in the remaining endothelial cell surface properties occur. This pro-inflammatory state leads to sclerosis and fibrosis of the capillaries, intestinal epithelial cell hypoxia and finally necrosis. Other forms of cellular dysfunction play a role in radiation-induced wound healing defects, lung pneumonitis, glomerulonephritis and oral mucositis. If these and other radiation effects are due only to events that occur during and minutes after radiation exposure, then early and late forms of damage would be inevitable and unavoidable, but if there are critical biochemical events that occur hours to days after exposure to ionizing radiation, then we have an opportunity for intervention and mitigation.
It has been estimated that 66% of damage caused by radiation is due to free radicals generated during radiation and that 33% of the damage results from persistent postirradiation oxidative stress (63) . Given the known bioactivity of the SOD mimetics and the postirradiation administration of the drugs, we think it is highly unlikely that these compounds reduce direct radiation-induced DNA damage but that instead it is likely that they reduce the activity of long-lived radicals and scavenge new radicals generated by secondary biochemical events hours to days after irradiation. In recent years, several agents have shown promise as mitigating agents by preventing different forms of radiation damage, even when administered hours to days after exposure. For example, an agonist of the toll receptor, CBLB502, increased survival of primates but not mice when given 48 h after a lethal dose of ionizing radiation (64); a free radical scavenger, hesperidin, prevented liver necrosis in rats even though it was given days after c irradiation (65); a SOD expression recombinant adenovirus, or a statin, injected under the irradiated skin of mice mitigated the appearance and severity of skin lesions (63, 66) ; and an angiotensinconverting enzyme inhibitor mitigated renal failure in a clinical trial of patients receiving total-body irradiation and then the ACE inhibitor in conjunction with bone marrow transplantation (37) . These studies demonstrate the significant positive effects that compounds such as anti-inflammatory agents and free radical scavengers can have on experimental end points and clinical outcomes when administered after irradiation.
In the current study, we showed that several different forms of synthetic SOD/catalase mimetics are effective as mitigators of radiation-induced apoptosis of endothelial cells. In recent years, evidence has accumulated that after radiation exposure long-lived radicals persist (67) (68) (69) . Watanabe et al. (68) showed that 20 min after X irradiation, short-lived radicals were no longer detected; however, a distinct class of radicals with much longer half-lives persisted and had transforming potential. Drugs that elevate intrinsic expression of SOD, altering the redox state of the cells 12-24 h after irradiation, have been shown to significantly reduce the malignant transformation and metastatic potential of irradiated tumor cells (69) . One reason these long-lived radicals postirradiation were underappreciated is that they are not detected by standard methods such as the dichloroflourescern method (68) . These findings support a role for long-lived radicals postirradiation in the death of normal cells and in malignant progression (66) (67) (68) (69) . Of the orally available 400 series EUK compounds, EUK-451 was the most active mitigator with the lowest cytotoxicity for endothelial cells; it also had the highest catalase activity of the EUK Mn porphyrins (50) . The salen Mn complexes, EUK-189 and EUK-207, also mitigated radiation-induced endothelial cell apoptosis. The salen Mn complex with the highest potency and lowest intrinsic cytotoxicity, EUK-207, reduced radiation-induced apoptosis by 75% when administered 1 h or more after irradiation. Both agents have comparable catalytic activities, but the increased stability of EUK-207 relative to EUK-189 might contribute to its greater potency. Higher doses of the salen Mn complexes were required relative to the Mn porphyrins to achieve comparable radiation mitigation despite the fact that these salen Mn complexes have higher SOD/catalase/ peroxidase activity. One explanation is that the different SOD mimetics may have a different site(s) of action. Recent studies have shown that the EUK compounds have a wide range of partition coefficients (50), which concentrates them in different subcellular compartments. In addition, the EUK-400 compounds, like other metalloporphyrins, are resistant to intracellular degradation. Another possibility is that the forms of longlived radicals favor distinct scavenging properties. In our current study, more important than their potential differences in potency is the conclusion that two completely different chemical classes of Mn-ligand complexes, both with SOD/catalase activity, both show significant mitigating activity.
In summary, our work demonstrates that both classes of SOD/catalase/peroxidase mimetics, salen Mn complexes and Mn porphyrins, are mitigating agents that reduce or eliminate at least one form of radiation injury. We identified a potential lead analog in each class, EUK-207 and EUK-451, respectively. As the forms and longevity of radiation-induced redox reactions and longlived radicals become clearer, it will be possible to determine experimentally precisely how these SOD mimetics mitigate radiation damage by their scavenging properties. After being tested in vivo, these agents could prove useful as a medical countermeasure in the event of accidental or malicious radiation exposures. Furthermore, this work and that of others would support the use of radioprotectors given before or during radiation therapy in combination with mitigating agents administered after radiotherapy. Such combined adjunct therapy may significantly alter the dose-limiting toxicity of tissues such as the intestine, kidney, skin and CNS, thereby reducing radiation damage to normal tissue while preserving the effectiveness of tumor treatment. Our future and ongoing studies will examine the efficacy of these two lead mitigating agents in preventing other forms of radiation-induced late damage and to mitigating neutron and c-radiation-induced damage in vitro and in vivo.
